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ANALYSIS AND TESTING OF TWO-DIMENSIONAL
SLOT NOZZLE EJECTORS WITH VARIABLE AREA
MIXING SECTIONS
By
Gerald B. Gilbert, Philip G. Hill
SUMMARY
Finite difference computer techniques have been used to calculate the
detailed performance of air to air two dimensional ejectors with symmetric variable
area mixing sections and co-axial converging primary nozzles. The successful com-
pletion of this program completes a step in the development of a com_)uter
program to analyze the ejector of the augmentor wing lift augmentation system for STOL
aircraft.
The finite difference computer program analyzes two dimensional mixing
in converging-diverging jets. The analysis of the primary nozzle assumes correct
expansion of the flow and is suitable for subsonic and slightly supersonic velocity
levels. The variation of the mixing section channel walls is assumed to be gradual
so that the static pressure can be assumed uniform on planes perpendicular to the axis.
An x-_b 2 coordinate system is used in the solution of the momentum and energy equations
to remove a singularity condition at the wall. Different assumptions for eddy viscosity
are made for each distinctly different region of the flow based on information available
in the literature.
A test program was run to provide two-dimensional ejector test data for
verification of the computer analysis. Geometry and primary air operating conditions
similar to a typical augmentor wing ejector were selected for the tests. A primary
converging nozzle with a discharge geometry of 0.125" x 8.0" was supplied with
600 SCFM of air at about 35 psia and 180°F. TMs nozzle was combined with two mixing
section geometries with throat sizes of 1.25" x 8.0" and 1. 875" x 8.0" and was tested
at a total of 11 operating points. Secondary flow was varied by adding three steps of
increased restriction to the ejector discharge. For each test mass flow rate, wall
static pressures and several velocity traverses were recorded for comparison with
analytical results.
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The comparisons of wall static pressures, centerline velocity, centerline
temperature, and velocity profiles between experimental and analytical results at the
same flow rate were generally very good. The computer program presented in this
report accurately predicts the performance of the simple two-dimensional ejectors and





The augmentor wing concept under investigation by NASA for STOL aircraft
lift augmentation is powered by an air to air ejector. The wing boundary layer is drawn
into the deflected double flap augmentor channel at the trailing edge of the wing and is
pressurized by a high velocity slot jet which is oriented at an angle to the augmentor
channel. To predict the performance and to optimize the design of the complete
augmentor wing, an analytical method is needed to predict the performance of the air
ejector which powers the augmentor flap section.
Under contract NAS2-5845 a computer analysis was developed for single
nozzle axisymmetric ejectors with variable area mixing sections using integral
techniques (1) . The ejectors of primary interest in that program and earlier programs
were high entrainment devices using small amounts of supersonic primary flow to pump
large amounts of low pressure secondary flow. Good agreement was achieved between
analytical and experimental results.
The integral analytical techniques used to analyze the axisymmetric ejector
configurations are also valid for the analysis of two dimensional ejectors. However,
the augmentor wing configuration may include asymmetric geometries, inlet flow
distortions, wall slots, and primary nozzles that are at large angles to the axis of the
augmentor mixing section. The integral techniques are not easily adaptable to these more
complex flows. Finite difference techniques can be used to analyze these more complex
flow geometries at the expense of increased computer time.
1.2 Objectives of Program
The specific objectives of this investigation are the following:
(1) to develop a finite difference computer program for the analysis
of two--dimensional, air ejectors with symmetric variable area
mixing sections and with co--axial converging primary nozzles.
(2) to obtain test results with two--dimensional ejector configurations
so that the analytical methods can be checked.
By modifying the present analysis additional complicating features of the
actual augmentor wing ejector may be incorporated into the computer program until the
































Coefficient appearing in the finite difference equations 26 and 36
Coefficient appearing in the finite difference equations 26 and 36
Time average specific heat at constant pressure
Specific heat at constant pressure evaluated at a reference
temperature T
O
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Time averaged velocity in x-direction
Instantaneous fluctuating x component of velocity
Jet centerline velocity at the nozzle exit plane
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Unknown velocity at the n grid point
Dimensionless velocity in x-direction, 7
L_w 1/2 o
Friction velocity, p























Instantaneous fluctuating y-component of velocity
Mixing section total flow rate
Nozzle flow rate
Secondary flow rate
Space co-ordinate in the axial direction
Dimensionless space co-ordinate in the axial direction,





Space co-ordinate perpendicular to axial direction
Dimensionless space co-ordinate perpendicular to axial direction,--
Duct half width or duct radius
Dimensionless wall co-ordinate yu*
P
Constant, unity for axisymmetric flow and zero for two-
dimensional flow
Ratio of specific heat, P
Pp
Transformed co-ordinate defined by equation 8
Regular stream coordinate
Dimensionless ¢ co-ordinate _,2 Vo0o for two-dimensional flow
'rime averaged fluid density
Fluid density evaluated at a reference temperature T
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Dimensionless fluid density
Time averaged absolute viscosity
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ODimensionless temperature T - T
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Kinematic viscosity at local temperature
Reference kinematic viscosity evaluated at a reference temperature T
o
Local wall boundary layer thickness or jet half width
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Dimensionless boundary layer thickness, _
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This section is concerned with the essential physical features of a computa-
tion model for plane two-dimensional jet mixing in converging-diverging jets. A finite-
difference computer program has been developed for treating the mixing of two parallel
and compressible air streams, allowing for at least one of them to be supersonic. In
all cases, the nozzle expansion is assumed "correct", i.e. nozzle exit plane pressure
is matched to the ambient pressure at that station. Thus, expansion waves and shocks
at the nozzle exit plane are assumed to be absent. Even though the correct expansion
assumption may not be realized in a practical case, the downstream flow field will not
likely be sensitive to small degrees of over - or under-expansion. The flows considered
include compound flows of supersonic and subsonic streams; however, no provision is
made for compound choking which may occur with an appropriate transverse distribution
of Mach number. Such a condition is amenable to analytical treatment under simplified
circumstances, but has not been encountered in experimental tests carried out so far.
This development is restricted to symmetric jet mixing in which the high
speed jet is located on the axis of the channel and no provision is made for blowing or
suction along the channel walls. The variation in channel geometry along the axis is
assumed gradual, so that wall curvature is neglected and, on all planes normal to the
axis, the pressure is assumed uniform.
In most calculations performed with this method to date, the velocity distri-
bution at the nozzle exit plane was assumed to be rectangular, i.e., the wall boundary
layer has been assumed to have zero thickness at that point; the initial thickness of the
jet-secondary stream shear layer has also been assumed to be zero. This requirement
is not necessary, however, and in general any initial distribution of velocity in the initial
plane is permissible, under the assumption that pressure distribution across the plane
is uniform.
Although previous work (1) has amply demonstrated that integral methods
are capable of predicting symmetric jet mixing of compressible flow in jets, the finite
difference method has been chosen for this problem. The finite difference method has
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advantagesrelative to the integral method of much greater flexibility in allowable flow
inlet conditions, and wall boundary conditions, e.g., the use of wall jets or wall suction.
Further the finite difference method offers the considerable advantage of mathematical
precision in determining the overall consequences of any particular physical hypothesis
regarding the shear stress distribution. With the integral method, the mathematical
approximation due to the formation of integrals may contribute uncertainty in flow
prediction in addition to the uncertainty introduced by a lack of precise physical
knowledge. Thus, in developing a model to handle a certain class of flows, it is
advantageous to have a method which is relatively precise mathematically, so that the
effects of physical uncertainties may be assessed relatively clearly. The finite differ-
ence method is however, quite costly in its requirement for computer time. Further,
as experience has shown, considerable care is required in adjusting the computation
grid such that spacings are appropriately small in the region of the wall, and in any
part of the flow where velocity gradients are quite large.
3.2 Basic Conservation Equations
In stream-wise coordinates, the momentum and energy equations (2) for the
plane two-dimensional flow are:
u 8u l_x u 8"r
8---x"= - -_ + 8 Cs (I)
u u&_q_+
8 x - _ dx 8_ s -_- (2)
8 fi .2 0_ O-_ 2
- (ov)' u' - (3)= 8y
in which fi is the velocity component in the x or principal flow direction, t) is the static
pressure, _ the density and T is the temperature of the fluid. Using the eddy
viscosity assumption, the mean average shear stress and heat transfer are defined by:




q = [{ 8T C (pv)' T' = ([{ + ) 8y (5)8 y p rt
is the kinematic eddy viscosity.
In developing the finite difference solution to this problem, the stream-wise
coordinate system was attractive, not only in terms of the simplicity of the governing
equations but also for possible development as a design procedure, in which the flow
field pressure distribution could be specified and the required wall geometry determined,
non-interatively, once the solution is obtained in stream coordinates. However, the
difficulty with the stream wise coordinate is that it introduces a singularity in the
governing equations in the vicinity of the wall. Given the definition of the stream
function,
8¢ S __
-- = pu (6)8y
it can be seen that the gradient
w
8 u 1 8_
8 @s _ 8 y (7)
becomes undefined at the wall where the value of _ approaches zero.
can be removed as Denny ( 3)has shown by using the transformation
8¢2 = _ _.__L_- _ 8 u _ _ • 8_
_" ' 8y _- , and _) 2¢ 8 ¢
The singularity
(8)
instead of conventional stream function definition
8 _ is finite and higher derivativesin which case the limiting value of the gradient 8--_
also exist. With this transformation then, the equations of motion may be written.
u 8 x - _ dx -_-¢8¢_ p +_E) 2 ¢ 8 Cj (9)
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+ ( p _E ) ( 2"7" _)@ } (10}
where _ is now the transformed quantity according to Denney (3). The transformation
of these equations is shown in Appendix A.
3.3 Dimensionless Groups
Before solution of the finite-difference method, these equations are made
dimensionless by the following steps.
The velocity u is normalized by dividing by the jet centerline velocity uo.





in which T O is a reference temperature and T is the specific heat ratio.
less temperature parameter is defined by:




in which Twr is a second arbitrary reference temperature.













in which k o, Cpo, #o' and Po are fluid properties at reference values of pressure and
!
temperature and _o' = Po Vo"
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and the reference fluid properties are evaluated at 520°R and 2115 psf.
The coordinate variables are transformed to:
U X
O




Then in dimensionless form the equations of motion become:
(15)
au 1 dp+ u a |
r-
u_-" = - 2 p-"-'_d X 2 _b* 0 _b* [(/_* + Ep*) P*u 8u t2_b* 8 ¢* (16)
U
8 O) CLU% _ + .
8X 2 p* dX 2 _b*
• /
o¢* ( "P-rro Ep* C* ,]




_* +Ep* ). (___• (17)
in which
(I/- 1) M 2 u2if -, o
= - (18)
eL Twr 1 Cp°(Twr'T°)
W _ :
O
The turbulent Prandtl number Prt is taken to be 0.9. Neglecting the depend-
ance of the specific heat on temperature, C* = 1.0. The derivative of the dimensionless
P
equations of motion is shown An Appendix A.
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3.4 Evaluation of the Edd_ Viscosity
In general, the eddy viscosity is evaluated by
2 _u
e = _m a y (19)
in which _ m is the mixing length. In two-dimensional jet mixing, values of mixing
length are not well known especially for the region in which the shear zone extends
from wall to wall. In various zones of the flow, the mixing lengths have been
evaluated as follows:
In the shear layer adjacent to the potential core zone of the primary jet
the mixing length is evaluated from
m = 0.08 5 (20)
in which 5 is the shear layer width (including the zone between i1% and 99_c of the
total velocity difference between primary and secondary streams).
For the "fully-rounded" portion of the jet flowing coaxially with a
secondary potential stream, the mixing length has been calculated from
m = O. 108 6 (21)
in which 5 is the half-width of the jet, evaluated from centerline to the point at
which the difference between local and secondary velocity is only l_c of the difference
between centerline and secondary velocity.
In the wall boundary layer, the mixing length has been evaluated from
the lesser of:
m = 0.098 (outer part) (22)
or, using the Van Driest approximation,




Y = _ p V
(24)
For the region downstream of the point where the jet spreads to inter-
sect the edge of the boundary layer the mixing length is evaluated, as a first
approximation only, from
y 3
-fl---) -0.06 ( --y-tm = Yw 0.14- 0.08 ( .Vw )W .$
(25)
which is due to Nikuradse and is cited by Schlichting (4) for fully developed flow in
round tubes. Near the wall (y = yw ) the mixing length is evaluated by the Van
Driest approximation cited earlier, provided the local mixing length so calculated is
less than that given by the Nikuradse formula.
3.5 Boundary Conditions
are:
With prescribed wall geometry the boundary conditions at the outer wall













3.6 Finite Difference Procedure
By the finite-difference technique, the derivatives in the differential
equations of motion are replaced by differences either along a streamline between
two neighboring points X and X + AX or normal to it between two neighboring
points ¢* and ¢* + A_b*.
If one takes the velocity field at plane X as completely known then the
velocity field at X + AX may be solved, using the implicit method, from the
finite-difference form of the momentum equation which is of the form
An-1 U2,n + Bn-1 u2, n + 1 + Cn-1 U2, n-1 = Dn-I (26)
th
is the unknown velocity at the n grid point on plane X + AX andin which u2, n
An_l, Bn_l, Cn_l, Dn_ 1 are coefficients containing the mean pressure gradient
between X and X + AX and the velocity and shear stress distributions at plane X.
As shown in the derivation in reference (5) and Appendix B, the co-
efficients in the finite difference form of the momentum equation are evaluated from:
An_ 1 = Y8 + Y9 + _-_ (27)
Bn_ 1 = - Y8 (28)
in which,
Cn_ I = - Y9 (29)
1 dP dP + I__I_I_I_I_I_I_I__L (30)
Dn-] = 4 p* + d'-X-- 1/ AXI,n m= 2 m=
S + Su,_
Y8 = _ ( n+l n ) (31)
2 ¢*n A¢ 1 S 1
S +
Y9 = Ul,n ( n Sn-1 (32)
2 ¢*n A¢2 Sl )
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S! = A ¢1 4 A¢2 (33)
'A_b 2= ¢*n ¢*n-1 ' A¢I = _b*n + 1 - Cn (34)
p* +E@*) p*u (35)S = ( 2¢*
In a similar way _5',_ the energy equation can be written in the finite difference form:
i




An_ 1 = Y8' + Y9' + A X (37)
Bn_ 1 = -Y8' (38)
Cn_ ! = -Y9'
Ul, n + +
Dn-I = AX 4 p*l,n m=I =
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R1 = A.!J2(A_b2+ A¢I) (44)
A¢ 2
R2 = (45)
A¢l {A¢2 + A¢I)
The relationship between the x-¢ coordinates, and the physical plane in
finite difference form, for any n, becomes,
n n-I




*2 *2 ](C n - Cn l) 2
]
V Ul,n+ 1 - Ul,n-11
(46)
(47)
For a set of N C-lines and known boundary conditions, Equations (26)
and (36) each provide a set of N-2 conditions to solve for the unknown velocities and
temperatures. Each set of equations can be solved simultaneously if the pressure
gradient is known or assumed. For calculation of flow between fixed channel walls,
the pressure gradient is assumed and the velocities determined; then the location of
the outer boundary is calculated from successive use of equation (46) across all N
grid lines. If the calculated value of the outer boundary location does not agree
satisfactorily with the actual wall geometry, a new value of the pressure gradient
is chosen.
Since each set of equations can be represented by a tridiagonal matrix
of coefficients, the Thomas Algorithm (5) is employed for speedy solution as shown
in Appendix C which describes the solution procedure.




A two-dimensional experimental rig was designed, fabricated, and installed
in our laboratory. The purpose of the experimental work was to obtain test data for
verification and adjustment of the computer analysis. The experimental program is
described in this section.
4.1 Experimental Apparatus
4.1.1 Two-Dimensional Ejector
The two-dimensional ejector consisted of a slot type primary nozzle and a
two-dimensional mixing section. The arrangement of the ejector system is shown on
Figure 1.
A picture of the primary nozzle is shown on Figure 2. The discharge slot
is 0. 1215" + . 0005" by 8.00" with rounded corners. The side walls are quarter inch
w
carbon steel and four internal supports are included to prevent widening of the discharge
slot when the nozzle is pressurized, Dia! indicator measurements show that the slot
opened up by about 0. 0008 inches in the center of the nozzle, about. 0004" at the
quarter width location and zero near th e ends of the slot. This is equivalent to an
increase in nozzle slot area of 0.33% when pressurized. Stagnation pressure measure-
ments were made with a kiel probe from side to side in the nozzle discharge and were
found to be uniform across the 8" width of the slot. The primary nozzle is positioned
in the mixing section (see Figure 1 and Figure 3) so that the primary flow is discharged
along the centerline of the straight symmetrical mixing section.
The mixing section as shown on Figure 1 consists of a rectangular variabIe
area channel formed by two identically contoured aluminum plates and two flat side
plates. The pictures in Figures 3 and 4 show two views of the mixing section. The
two contoured plates can be positioned in two symmetrical locations about the center-
line to form the two channels tested (throat heights of 1.25" and 1. 875"). The width
of the mixing section is 8.00" for the full length. The variation of channel height with
distance from the nozzle discharge is given on Table 1 for the 1. 875 throat mixing
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section. The geometry for the 1.25" throat height is obtained by subtracting 0.312"
from each y value. Three plexiglass windows are installed along each side of the
mixing section so the tufts of wool mounted inside can be observed for indications of
flow separations and unsteadiness.
The screened mixing section inlet is shown on Figure 5. Initial tests with-
out the extended inlet showed that highly swirling corner vortices were formed in the
four corners of the bellmouth and extended into the test section. The extended inlet
eliminated the corner vortices and improved the stability of the ejector flow and static
pressures. The extended inlet shown on Figure 5 was used for all ejector tests.
4.1.2 Facilities for Ejector Tests
The schematic of the ejector test facilities on Figure 6 shows the three




Boundary Layer Suction System
The primary air flow is supplied by a 900 SCFM oil free screw compressor
at 100 psig and an equilibrium operating temperature between 180°F and 240°F. The
primary air flow rate and pressure are controlled by a manual pressure regulator and
bleed valve. The mass flow is measured by a standard 3 inch Danial orifice system.
The air flow is delivered to the primary nozzle through a flexible hose.
The mixed flow system consists of a plenum chamber, an 8" orifice
system and a throttle valve. Four different operating flow rate, s are achieved by the
following equipment combinations.
1. Maximum Flow Rate -
2. First Reduced Flow Rate-
3. Second Reduced Flow Rate -
4. Lowest Flow Rate -
Mixed flow discharges directly into
laboratory from mixing section.
The plenum is connected to the mixing
section discharge.
The orifice is connected to the plenum.
The throttle valve is partially closed.
2O
Orifice flow rates are obtained only for the two lowest flow rate conditions. Figure 7
and 8 show most of the experimental ejector installation. The large rectangular box
connected to the mixing section by the large black flexible hose is the main plenum.
The 8" orifice is not visible in the picture.
The suction system removes the boundary layer flow from each of the four
corners of the mixing section to prevent wall boundary layer separation in the ejector.
The pictures in Figures 7 and 8 show three 3/4 inch tubes connected to each corner of
the mixing section. These 12 tubes collect the boundary layer flow from the corner
suction slots which are 0.060 inches wide and are machined into the sides of the
contoured plates (See figures 9 and 10). The four tubes at one X location are connected
to a single large tube under the mounting table. The three large tubes are each
connected to a large tank plenum through a separate throttle valve. A Roots blower
draws the air through the suction system and through a three inch orifice system. The
suction system is capable of removing about 1% to 2% of the mixing section flow rate.
During the operation of the ejector rig, the boundary layer suction system was
necessary to prevent flow separation in the mixing section diffuser. The presence of
separation was easily observed from the violently flopping tufts, the large fluctuation
in wall static pressures and audible pulsations. The operation of the suction system
drastically reduced these symptoms.
The ejector system was operated by starting the primary air flow at low
pressure and flow rate. The suction was turned on and then the primary pressure
was increased to the desired test conditions. The large mixing section (1. 875"
throat height) was operated at 21 psig without separation in the mixing section. The
small mixing section (1.25" throat height) could not be operated over 20 psig without
separation for the high flow condition. The tests with the small mixing were therefore
run at 17 psig.
4.2 Instrumentation and Data Reduction
4.2.1 Instrumentation
The following instrumentation was included on the test rig.
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Primary Flow System
Flow Rate - Standard 3" orifice system
Nozzle Pressure - Pressure gage accurate to +. 25 psig





8" orifice system for two lowest flow rate conditions
Wall static pressures down the center of the mixing
section and some at other locations (see Figures 9
and 10). Manometers were used for measurement.
Stagnation pressure and temperature profiles were
measured at up to 9 axial locations using a kiel temper-
ature probe, a pressure transducer and direct digital
readout, and a temperature direct digital readout
(see Figure 8).
Suction Flow System
Flow Rate- 3" orifice system
Suction Pressure- a mercury manometer
4.2.2 Data Reduction Procedures




integration of velocity profiles to calculate flow rate
The orifice calculations were carried out using standard orifice equations and ASME
orifice coefficients. The velocity profiles were calculated from the well known
compressible flow relationships between Mach number and the ratio of stagnation
pressure to static pressure that can be found in most fluid mechanics text books. The
local velocity is calculated from the Mach number and the local speed of sound which
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is dependenton the local static temperature. The static temperature is calculated from
the measured stagnation temperature profiles and the compressible flow relation be-
tween temperature ratio and Mach number.
To calculate an integrated mass flow rate for each traverse location a time
sharing data reduction computer program was written to integrate the product of local
velocity and local density over a two-dimensional section of unit width. The program
also calculated the "mass-momentum" stagnation pressure at each traverse section
using the equations presented on page52 and 53 of reference 6. The mass-momentum
method determines the flow conditions for a uniform velocity profile which has the same




The techniques presented in reference 7 were applied to the primary flow
orifice calculations and the mixed flow orifice calculations. The following uncertainty
results were obtained:
Orifice Nozzle Pressure Uncertainty




Uncertainty in the wall static pressures mainly occurs because of un-
steadiness in the manometer liquid columns caused by unsteadiness in the flow. The
lowest flow rate condition which had the most system resistance downstream of the
mixing section had a wall static pressure unsteadiness of about +3/8 inches of water.
The amount of unsteadiness increased as the flow rate was increased by removing
system resistance. For the unrestricted maximum flow rate condition the wall static
pressure unsteadiness was + 2.0 inches of water. These values are also a measure
of the uncertainty.
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Integrated Mass Flow Rate
The mass flow rate calculated by integrating the results of the stagnation
pressure and temperature traverses is influenced by many items and is therefore
very difficult to estimate. The following items all contribute to the uncertainty in
integrated mass flow rate:
1. unsteady wall static pressures °
2. unsteady traverse stagnation pressures
3. instrument accuracy of the pressure transducer and digital readout
4. inaccuracies due to the effect of steep velocity gradients on sensed
pressure
5. inaccuracies due to probe effect near the mixing section Walls
6. inaccuracy in probe position
7. assumptions and inaccuracies associated with the data reduction
computer program
8. data recording errors or computer data input errors
9. errors caused by loose connections in the pneumatic sensing tube
between the probe and the transducer
10. Non-two-dimensional flow distribution across the width of the 8 inch
mixing section.
: (:. , , -
All of these effects could combine to give both a + uncertainty band and a fixed error
shift.
One measure of the uncertainty due to these effects is obtained from the
limits of individual integrated mass flows for each test run. These values are listed
on Table 2 for all of the test runs with traverse data. The results presented on
Table 2 show an average variation of + 3.6% and -2.8% or a total spread of 6.4%.
These values only include the effect of variable uncertainty and exclude the uncertainty
due to probe errors in steep gradients and near walls and integration assumptions.
Both of the excluded errors probably cause the intergrated mass flows to be too large
because the probe tends to measure too high near the wall and the integration program
neglects wall boundary layers.
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From the above discussion itis concluded that the average integrated mass
flow rates may have a fixed error of +1% to 2% and an uncertainty of about_+3% to _+4%.
4.3 Test Results
A total of eleven ejector tests were carried out on two mixing section con-
figurations (1.25" and 1.875 I' throat height). The data presented in this report falls
i nto the following categories:
Test Conditions and Mass Flows
Static Pressures





Table 3 shows which figures and tables show the data for each test run. Most of the
figures and tables present both test data and comparative analytical results. The
comparisons will be discussed in section 5.0.
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Section 5
COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS
5.1 Test Conditions and Mass Flows
Table 4 presents a tabulation of the measured nozzle conditions, the inte-
grated mass flow rate from the measured pressure and temperature profiles, and the
integrated "mass momentum" stagnation pressure.
The nozzle mass flow rate was calculated from standard orifice readings
which were shown in section 4.2.3 to have an uncertainty of about +0.8%. Using the
orifice flow rate, the nozzle pressure, the nozzle temperature, and the nozzle discharge
area, a nozzle discharge coefficient (CN) was calculated for each test run. These values
all fall within a range of +0. 007 and -0. 0085 around an average of 0.973 which is con-
sistent with the calculated uncertainty. If there were no error in the nozzle calculations
all of the C N values would be identical. From these results it is safe to assume that
the listed nozzle flow rates are accurate to at least +1%.
m
The tabulated mixing section flow rates were calculated as described in
section 4.2.2 by integrating the measured pressure and temperature profiles. As
described in section 4.2.3, these results probably have a fixed error of between +1%
and +2% and an uncertainty of between +3% and +4%. Table 5 presents a comparison
between three separate mass flow determinations:
• integrated from traverse data
• measured by orifice
• computer mass flow giving the best wall static pressure
comparison
Only 4 of the tests could be measured with the large orifice, but all of these four tests
agree with the computer mass flow within +0.9% as shown on table 5. Section 4.2.3
shows that the expected uncertainty in orifice mass flow is about +1.3% making it much
more accurate than the integrated traverse values. The wall static pressures are in
fact a function of the average mass flow represented by the orifice value rather than a
local velocity profile down the center of the two--dimensional mixing section. This is
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true becausethe mixing section flow patterns cannot support a side-to-side pressure
gradient along the 8 inch width of the mixing section which was verified by test measure-
ments. Therefore it is concludedthat the measured orifice mass flows andthe computer
mass flow for best match of wall static pressures are the correct mass flow values.
The integrated mass flows are in error and in some cases inconsistent. Table 5 shows
that the integrated mass flow values spread over a range of -2.9% to +6.4% around the
computer determined value. Figures 11 and 12 show all of the mass flow values on
Table 5 plotted versus the mixing section throat static pressure. Figure 11 for Runs
1-5 shows the good agreement between computer analytical mass flows and orifice mass
flows and shows the wide scatter of integrated traverse mass flows. Figure 12 for Runs
6-10 again shows good agreement between analytical and orifice values and this time
shows a consistent trend of integrated traverse mass flows which are now offset by
about +3.2% on a line parallel to the other more accurate mass flow values.
The "mass-momentum" stagnation pressure listed on table 4 suffers from
the same inaccuracies as the integrated mass flow rate discussed above. The plotting
of mass-momentum stagnation pressure versus mass flow will therefore show some
discrepancies.
5.2 Mixin_ Section Wall Static Pressure Variation
The wall static pressure distributions are shown on Figures 13 and 14 and
Table 6 as specified on Table 3. Runs 4, 8, and 11 on Table 6 were extra tests for
which no analytical solutions were obtained. Test Run 11 was a repeat of test Run 9
and gives results that are essentially the same.
Figures 13 and 14 show there is a good comparison between experimental
wall static pressures (shown as data points) and the analytical static pressures (solid
lines) at essentially the same mass flow (see discussion in section 5.1). The analytical
results have assumed that the mixing length constant in equation 20 is 0.08 and in
equation 21 is 0. 108. These values influence the mixing process through the eddy
viscosity. The influence on wall pressures is relatively minor as will be discussed in
section 5.5 where these values are varied over a reasonable range. The comparison
between test and analytical values is generally excellent. Both the data and analytical
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results show changes in shape at points where the geometry changes. The two areas
where some disagreement occurs is in the entrance region and in the last half of the
diffuser.
The difference in the bellmouth section occurs because the analytical
program calculates a centerline static pressure and assumes the static pressure con-
stant at each x distance from the nozzle discharge whereas the experimental data are
wall static pressures and can be influenced by curving streamlines. At x = 0 the bell-
mouth walls still have a significant curvature which causes flow streamline curvature
in this region. The result is a reduced wall static pressure and an elevated centerline
static pressure. Between 1 and 2 inches downstream of the nozzle discharge the wall
curvature is reduced to very small values and the data and analytical results agree very
closely.
The second area where minor differences occur is in the last half of the
diffuser for the higher flow rate test runs. The reason for this difference could be an
underestimation of the pressure losses due to wall friction, mixing, and diffusion.
Substantiation of this can be seen by comparing the slope of the pressure data to the
analytical results in the constant area throat section between 8 and 11 inches. For the
low flow rate Runs 2, 6 and 7 where the slopes are essentially equal, the test and
analytical diffuser wall pressures are almost identical. For the other runs the test
data slope between 8 and 11 inches is always more negative than the analytical results.
For frictionless uniform flow in a short constant area duct, the static pressures would
be equal all along the duct. For frictionless non-uniform flow in a short constant area
duct the static pressure can increase as mixing takes place. For non-uniform flow in a
constant area duct with friction, the static pressure will tend to decrease along the duct
and the slope will become less positive or more negative as flow rate (and therefore
losses} increases. From these observations, it would appear that the flow dependent
losses for the analytical solution may be underestimated in the constant area and
diffusing sections. This may be the cause of the difference between the test and
analytical wall static pressures in the diffuser section.
28
5.3 Centerline Ve!ocity and Temperature Variations
Figures 15 and 16 present the variation of maximum velocity and maximum
temperature as a function of distance from the nozzle discharge. The temperature
comparison is generally good for all test runs. The velocity comparison is also good.
However the experimental maximum velocities tend to be higher than the analytical
values in the first 4 inches downstream of the nozzle discharge. In the throat section
and diffuser, the experimental values tend to be lower than the analytical values. In
general the comparisons are very good. Differences may occur due to the eddy viscosity
and mixing length distributions assumed (see section 3.4) or due to measurement in-
accuracies.
5.4 Velocity Profiles and Temperature Profiles
A total of 45 sets of traverse measurements were taken during the experi-
mental test program. Table 3 shows the figure numbers that present the comparison
of the test data and analytical results for each test run. These results are presented
on Figures 17 through 26.
In general the comparison of profile shape and velocity magnitude is very
good between the analytical and experimental profiles. The comparisons for Runs 6
through 10 (Figures 21-24) match very closely. The only differences that are notice-
able are that the experimental velocity profiles within 5.0 inches of the nozzle discharge
are off center by about 0_.025 '' and slightly higher in maximum velocity than the corres-
poinding analytical velocities. The nonsymmetry has disappeared for all traverses at
distances greater than 5 inches. The good match of velocity profiles for Runs 6 through
i0 goes along with the good comparison of static pressures and the consistent trend in
integrated traverse mass flow rate discussed previously.
The comparison of experimental and analytical velocity and temperatures is
not as good for Runs 1 through 5 as it was for Runs 6 through 10. The comparisons are
also not as consistent from run to run which also coincides with some of the static
pressure and mass flow differences noted previously for these runs. The following
observations apply only to Runs 1 through 5.
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° The experimental jet is off center by about 0.057" but the
non-symmetry has disappeared for profiles at distances
of greater than 5.0".
. For x of 3.0" or less the peak experimental velocities
are greater than the analytical values for Run 3 and
Run 2 and are slightly less for Runs 1 and 5.
. The spread width of the velocity profiles compares very
well at distances from the nozzle of 7.0 inches or less.
For distances between 7 inches and 16 inches, the
experimental profiles tend to spread faster and have a
flatter profile.
. The experimental temperature profiles in Figure 25 are
spread significantly more than the analytical values at
x = 3.0" and x -- 10.5", the only two profiles plotted.
5. The comparisons for Run i are better than for the other
runs for the 1.25" throat mixing section.
Both sets of data (for the 1.25" and 1. 875" throat height) were calculated
using the same eddy viscosity assumptions for mixing (0.08 for eq. 20, 0. 108 for
eq. 21). The test Runs 6 through 10 have lower average throat Mach numbers (. 39 to
• 52), slightly higher primary nozzle velocities, higher wall static pressures, and
larger mixing section dimensions. The eddy viscosity assumptions may be more suit-
able for these operating conditions than for those of test Runs 1 through 5. In any
event, the agreemeat between experimental and analytical results is better for the
Runs 6 through 10.
5.5 Sensitivity of Computer Analysis
The sensitivity of the computer analysis to changes in eddy viscosity and
flow rate were investigated to obtain a measure of the amount of performance change
that can result from small changes in assumed values.
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5.5.1 Eddy Viscosity
The results for the eddy viscosity changes are shown on Figures 27, 28, and
29. The eddy viscosity is directly proportional to the square of the mixing length
according to equation 19. The changes in mixing length were confined to the mixing
region prior to the point where the jet mixing reaches the developing wall boundary
layer. In this region the mixing length is defined by equations 20 and 21 as a constant
times a mixing zone dimension (see section 3.4)
Equation 20 is used to calculate the mixing length in the region close to the
nozzle discharge where the primary jet still has a flat potential core (probably confined
to the first 0.5 'v to 1.0" of mixing}. Most of the calculations have been carried out
using a constant of 0.08 in equation 20. For the results presented in this section the
comparative runs were made with the constant equal to 0.094 which gives about a 38%
increase in eddy viscosity in this small region.
Equation 21 is used to calculate the mixing length in the region where the
primary jet is "fully rounded" but has not intersected with the wall boundary layer.
This region extends for about 4" to 6" into the mixing section for the 1.25" throat con-
figuration and extends for about 6" to 8" for the 1.875" throat configuration. Most of
the calculations have been carried out using a constant of 0.108 in equation 21. For the
results presented in this section, the comparative runs were made with a constant equal
to 0.120 which gives about a 23% increase in eddy viscosity.
The velocity and temperature results shown on Figures 28 and 29 for Runs
3 and 6 show that the amount of mixing increases with eddy viscosity. This results in
reduced centerline velocities, increased velocities near the walls and increased wall
static pressures (see Figure 27). All of the changes are small.
The effect of mixing length changes in the rest of the mixing section as
defined by equation 25 was not investigated but it is expected that the results would be
similar. Section 3.4 points out that equation 25 was obtained by Nikuradse for fully
developed flow in round tubes and should be considered to give only approximate results.
Changes in this equatiUn could provide a better match of static pressures for some of
the high flow test runs as discussed in Section 5.2.
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5.5.2 Flow Rate
Figure 27 shows the effect on wall static pressures of a 2, 2% change in
total mass flow for Runs 3 and 6. The wall pressure decrease as flow rate is increased
is about double for Run 3 as compared to Run 6. The reason for this is that the average
Mach number for Run 3 (1.25" throat) is larger than for Run 6 (1.875" throat) even
though the Run 6 mass flow is larger. Figure 30 shows the influence of throat Mach
number on throat static pressure level. The local slope of this line indicates the rate
of change of throat pressure with Mach number. Run 6 happens to be the lowest Mach
number test run and Run 3 has one of the largest Mach numbers. A 'comparison of the








The finitedifference computer analysis developed to analyze
two-dimensional co-axial slot ejectors with variable area
mixing sections predicts the performance of the experimental
configurations tested under this program very closely.
The analytical and experimental results compared are at
essentially the same flow rate within the accuracy of our
measurements. The correct mixing section mass flow
rates for each test are best represented by the orifice
measured values and the computer analytical mass flow
for best comparison of measured wall static pressures.
These two values agree within + 0.9%. The integrated
traverse mass flows are less accurate and range between
-2.9% and 6.4% of the other values.
The experimental and analytical wall static pressure distributions
agree within I or 2 inches of water over most of the mixing
section for most of the test runs.
The experimental and analytical velocity profiles compare





The momentum and energy equationsas shownin equations 1 and 2 in the




The stream function transformation is defined by:
: \
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The third term of the momentum equation becomes:
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The substitution of equation A-4 into equation I of the main text results in
equation 9 of the main text.
Energy Equation
The third term of the energy equation (equation 2) is transformed as follows:
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The substitution of equation A-6 into A-5 completes the transformation of the third term
of the energy equation as shown in equation A-7.
_ -P'_- e -_ 0"T] (A-7)
_S 2_b 8"--_ Prt
The fourth term of the energy equation (equation 2 and 3) is transformed by
substituting equation A-2 into equation 3 as follows:
= ( /_+pE )(____ _._.__o-_2 (A-S)
---" - 2 _ o_-
P P
The substitution of equations(A-7) and (A-8) into equation 2 of the main text results in
equation i0 of the main text.
Dimensionless Momentum Equation
The equations 11 through 15 of the main text define the dimensionless groups
used to non-dimensionalize both the momentum and energy equations.
The first term of the momentum equation (equation 9) is non-dimensional-
ized as follows:
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The second term of the momentum equation is non-dimenstonalized as
2
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The third term of the momentum equation is non-dimensionalized as
follows:
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The non-dimensionalized form of the momentum equation (equation 16) is
obtained by substituting equations A-9, A-11, and A-12 into equation 9 of the main text
3
and eliminating the factor (Uo/_ o ) from each term.
Dimensionless Energy Equation
as follows:
The first term of the energy equation (equation 10) is non-dimensionalized
2
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The second term of the energy equation is non-dimensionalized as follows:
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The third term of the energy equation is non-dimensionalized as follows:
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Each of the four terms of the energy equation is then divided by the
(A- 16)
2
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which results in the following combination of quantities in the second and fourth terms






which equals C L.
The substitution of equations A-13, A-14, A-15, and A-16 into equation 10,
the division by the quantity in (A-17) and the substitution of C L into the second and fourth




This Appendix provides the detailed derivations of the finite difference
equivalents of the momentum and energy conservation equations, (16) and (17)
respectively. For convenience the following definitions are introduced:




s L j p*u
These definitions and the assumption that C* = 1.0 permit the momentum and energy
P
equations to be expressed as
8u _ idP+u 8 _ 8__]u a x 2p* dX 2_* a_*
u a x 2p* u_-_ + 2** +2-_-_
(B-l)
(B-2)
Before approximating these equations with finite difference relations a
system of grid lines parallel to the X and _* axes must be introduced. As illustrated
in figure B-1, a nodal point coincides with each intersection of these lines. Lines
parallel to the @* axis are termed m-lines and those parallel to X axis n-lines. Each
node is given a double subscript, the first being the number of the m-line passing













Definition of Grid Lines for Finite Difference Solution
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The values of the variables on the m=l line are the knowninitial conditions. The
conservation equations express for eachnode on the m=2 line its inter-relation with
other nodeson the m=2 line and nodeson the m=l line. If m=2 line nodes are only
related to nodeswhich lie on the m=l line, the finite difference schemeis termed
explicit. If an m=2 nodeis also related to a number of other m=2 nodes, the scheme is





Diagrams of Explicit and Implicit Solutions
The implicit form of finite difference schemes leads to a series of N simultaneous
algebraic equations relating the known initial conditions on the m=l line and the unknown
variables on each of the N nodes on the m=2 line. After solution of these simultaneous
equations, the variables on the m=3 line are expressed in terms of the known values on
the m=2 line. Proceeding in this manner, a solution to the complete flow field is
marched out. Although simpler to program, the explicit scheme shows unstable
characteristics if the m-lines are widely spaced relative to the n-line spacing. Implicit
schemes show much more stable characteristics and therefore allow much larger m-line
spacings, thus reducing computation times. The computer procedure presented in this
report employs •a system of implicit finite difference approximations which are defined











Implicit Finite Difference Term Definition
The velocity at nodes n+l and n-1 can be expressed in terms of a Taylor series expanded
about node n, on the same m-line,
+A_I 8 u I (_1)2 O2u IUn+l=Un _-* n + 2 8_'2 n
+ higher order terms (B-3)
Un_ l=u - _2 3u [ + (A_2)2 82u ]
n _ n 2 8_b.2 n
+ higher order terms (B-4)
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Combining these equations to eliminate I yields,
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n
2 2
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3
Neglecting terms of the order (A_) and higher, yields
_U I \A_I/Un+l - \A_2/ Un-i - \AT1 A_ 2 n
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(B-6)
The second derivative term in the momentum equation is
approximated using the following Taylor series expansions,
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Neglecting terms of the order of A4_ and higher yields,
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The velocity at a node located at the intersection
of the downstream m-line and any n-line u2, n
in terms of the following Taylor series,
can be expressed
= u I + _u I AX + 82u I (AX) 2
U2,n ,n _X n _ n
+ higher order terms
(B..-u)
Use of the boundary layer equations implies that gradients
in the X-direction are much smaller than those in the_*-direction.
Therefore it is permissible to use a simplier approximation of
the X-direction derivatives.
Neglecting terms of (A_2 and higher yields,
3uI = u2--_n- Ul'n (B-12)
This approximation is termed "backward-difference"
Similarly,
_I = e2- n - el, n (_13)
_x_ n AX
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The only terms in the energy and momentum equations which cannot be approximated
dP
using the preceeding equations are those containing the pressure gradient -_-,
Assuming this gradient varies linearly throughout the AX interval yields,





Combining equations (B-l), (B-9), (B- 12) and (B- 14) yields
AX 4P*l, n Lm=l d'-X'm= 2 2¢* n '{ + z_ 2
Sn+l+ S n) (U2_n+ 1- u2, n)Z_¢l
This equation can be expressed in the form
(Sn + Sn-l) (u2, n- U2, n-1)]-I
_2 J
An-lU2,n+Bn-lU2,n+l + Cn_ 1 U2,n-1 = Dn_ 1
in which the coefficients are defined by equations 27 through 34 of the main text.
Energy Equation . .:
Combining equations (B-2), (B-5), (B-10), (B-13) and (B-14) yields
(B-15)
(B-I6)
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This equation canbe expressed in the form
02, + B . 02, 02,n_ 1 = Dn_ 1An-1 " n n-1 n+l + Cn-l" (B-IS)




The calculation procedure starts at the upstream flow boundary, where the
values of all flow variables must be known or assumed. Specification of the velocity and
temperature distribution, dimensionless eddy viscosity, duct and nozzle inlet
dimensions, and working fluid, defines all initial conditions.
The known initial conditions, m=l line, are related to the unknown
conditions, m=2 line, by the previously derived equations, and assumed boundary
conditions. These inter-relations form a set of N-2 simultaneous algebraic equations,
where N is the number of n-lines, and the equations are shown in Appendix B. The
resultant matrix of coefficients is tridiagonal in form except for the initial and final rows
which only contain two terms. Rapid, exact solutions to this type of matrix are ob-
tained using the Thomas Algorithm, a successive elimination technique, which is
described in this Appendix.
The solution for the variables on the m=2 line is iterative, because of the
presence of the unknown pressure in the momentum equation. The procedure adopted
was to estimate the pressure gradient, and solve the equations, using the algorithm.
The equations automatically satisfyconservation of mass, momentum, and energy, but
only one pressure gradient yields the correct wall geometry. The duct dimension
corresponding to the estimated pressure gradient was calculated from the m=2 line
variables. The pressure gradient was then incremented by a small percentage of its
initial estimated value, and the calculation process repeated for a new duct dimension.
A third estimate of the pressure gradient was obtained by interpolation between the two
calculated, and the actual duct dimension. In almost all the calculations performed to
date, this value has been acceptably close, within 0.001%, to the actual duct dimension.
If this criterion is not met, a further iteration is applied, and a fourth solution obtained.
The now known variables on the m=2 line become the new m=l line variables
and the procedure is repeated for another set of m=2 line variables. Thus a solution to
the complete flow field is marched out.
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The difference form of the momentum and energy
equation is :
An_ 1 X n + Bn_ 1 Xn+ 1 + Cn_ 1 Xn_ 1 ffiDn_ 1 (C-l)
J
where X is either u or 0. If the number of n-l_ines is N,
there are N-2 equations of the form (I) and two equations
expressing the boundary conditions. The first and the last
equations represent the boundary conditions, which in difference
form along the axis of symmetry are:
_U
3-_* = 0 or u2, 2 ffi u2, 1 (C-2)
and
ffi 0 or 02, 2 2,1
Equations (C-2) and (C-3) can be written in terms of X as follows:
X 1 = X 2 (C-4)
At the duct wall the boundary conditions are
us ffi o (c-5)
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02,N = 02,N_ l .............. , _ _ ! _
Equations (C-5) and (C-6) can be written in terms of X as follows:
(c-6)
xN = K XN_l (c-7)
where K is 0 for the momentum equation and unity for the energy equation. Thus, the
matrix form of the equation (C-I) is shown on the following page (Table C-I).
The second equation is
ClXl+ + = "I
Substituting equation (C-4) into this equation yields:
|




where A 1 = C1 + A1
The N th -i equation is
Cn- 2 XN_ 2 + AN_ 2 XN' 1 + BN_ 2 XN : DN_ 2
Substituting equation (C-7)into this equation yields:
!
CN_ 2 XN_ 2 + A N-2 XN-I = DN-2
(C-,l)
(C-12)
where A N-2 = AN-2 + K'BN-2
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Starting with the first equation, X 2 can be
expressed in terms of X 3. The sec0n @ equation gives X 3 in
terms of X 4. Continuing through all the equations until the
N th -3 equation gives XN_ 2 in terms of _-i" Combining this
with the last equation gives XN_I. Working backwards through
the equations then allows the remaining unknowns to be found.
This procedure is most easily applied by defining the following:
|






n = 2,3--- (N- 2) (C-14)
W = A
n n - Cn Qn-i n = 2,3---(N -2)
Cn gn-I
gn = Dn - W
n
n = 2,3--- (N- 2)
Equations (C-13)then reduce to:
XN-I = gN-2 and X n = gn-i - Qn-i Yn+l n=(N-2), (N-3) ,---2
(C-15)
If the values of W, Q and g are calculated in order of in-
creasing n using equations (C-l_, then equations (C-15) can be
used to calculate the values of X in order of decreasing X
starting with _-I" To clarify this procedure, the method
is now used to solve the following four simultaneous equations:
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u!
A 1 B1 0 0
C2 A 2 B 2 0
0 C 3 A 3 B 3 ,L
|










A1 X2 + B1 X3 = D1
I





hence X 2 = gl - Q1 X3
A 2 X 3 + B 2 X 4 + C 2 X 2 = D 2
W2 = A2 " C2 Q1
B 2
Q2 =
D2 - C2 gl
g2 = W 1 " " '_'
hence X 3 = g2 - X4 Q2
(c- 16)
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A 3 X 4 + B 3 X 5 + C 3 X 3 = D 3
W2 = A3 - C3 Q2
B 3
Q3 = _33
D3 - C3 g2
g3 =
W 3
hence X 4 = g3 - Q3 x5 (c-17)
!
A 4 X5 + C4 X4 = D4
W4 = A4 - C4 Q3
g4
D4 - C4 g3
W 4
hence X 5 = g4 (c-18)
Substituting in equation (C-16) yields X 3. Equations (C-17) and (C-18) are special




The computational procedure consists of a main program, which is divided
into ten sections, and six subroutines. The program Flow Chart is shown on Figure I)-l.
The functions of each section of the main program are as follows:
Section (1): Input and Initialization
(a) Constants which have single, initial value for most applications are defined
with data statements.
(b) The parameters which specify the test conditions are lnputed from data
cards.
(c) Dimensional parts of the data are non-dimensionalized.
Section (2): Initial Profiles Generated
* * *
(a) The initial u, 0, # , p , E, Y, and ¢ distributions are calculated.
(b) The shear layer and wall boundary layer thickness are calculated using a
search technique applied to the m = 1 line velocity profile.
Section (3): Turbulence Model
(a) The dimensionless eddy viscosity, which will subsequently be used in
calculating the variables on the m - 2 line, is calculated from m -- 1
velocity profile and one of the turbulence models detailed in the main
text.
Section (4): Choice of X-Step
(a) The distance between the m = 1 and m = 2 lines is chosen. Initially,
this distance is related to the shear layer width but after this layer
impinges on the wall boundary layer, it becomes a constant fraction of




[CALL RADIUS r_-J DIP:_ENSIO:,ILESS DUCT l- j. ' r--"-]WTDTH OR ,._D[U5 BASED
iSPECIFIES THE _ ION INPUT D[.CT GEOMETRY
|DISTRIBUTION OF _ I CALL PSI i
INODES IN THE _2" ' _ ' tPROFr...___ ASSIGN VELOCITY &[DIRECTION { CALL TEMPERATURE ON EACH
- _ NODE POINT ACCORDING
CALCULATES THE DIS- _ '' ............ "NDITIONS
CALL YDIS lu J.L_J._,._ _._iTRIBUTION OF NODES IN _ ,- J




I "7_° I_ALC_TES_ET_ I
W t - ILAYER WIDTH & BOUNDARY I| iC_L LOOK _ LAYER THICKNESS
iCALCULATE EDDY VISCOSITYI
i
[ASSIGN STEP SIZE _X l
ICALCULATES DUCT t .
WIDTH OR RADIUS ,_--_ [CALL RADIQSI
AT THIS NEW _
POSITION [ESTImaTE^PJ
INNER LOOP




i '|cHEcKsTHe- _ Ic_L MCHEC_IICONSERVATION OF --- •t,',o,'_Ttm t iREPLACE M=I LINE VALUES
WITH M=2 LINE VALUES J
4_ -_CHECKS THE CONSERVATION|
[CALL CHECK_o F MASS & STAGNATION I
_-- [PRINT OUT I_ESErLTSJ t . TEMPERATURE ]
, _ NO _ +
_ES
Figure D- 1
Computer Program Flow Chart
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FLOW CHART - I_iNER LOOP
[FROM MAlt: PROCP.AI_'R]
[SPECIFY THE BOI'_;DARY CONDITIONS I
IIT_.R--I_I?,X=_Ol l
EWUATES"',E'COEFFICieNTSI_ 1THE MO}_ENTUM EQUATION, i.e. A's,




EVALUATES THE COEFFICIENTS IN 1
.... THE ENERGY EQUATION
t
l
U(2,J) USING THE THOM.AS
ALGORITHUM J
| CALL CALC |
I





I CALCULATES THE VELOCITY
iCA_CULATETST._TE,_ERATU_1(2,J)
CALCUIATES THE DISTRIBUTION
OF NODES IN Y-P_ANE AT












I TO MAIN PROC, RAMME I
INCREMENT AP _ICHX=2]
CALCULATE NEW ±P lJ
Fi_,re D-1 (cSntinued)
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Section (5): Calculation of Velocity on m = 2 Line
J
(a) The duct radius or width at the m = 2 line, is interpolated from the input
data.
(b) Initially, the m = 2 line pressure gradient is set equal to the average of
the pressure gradients at the previous two m lines.
(c) The distribution of velocity on the m = 2 line is calculated.
Section (6): Calculation of Temperature on m = 2 Line
(a) The distributionof temperature on the m = 2 line, is calculated, and from
itthe distributions of density and molecular viscosity.
Section (7): Pressure Gradient Modification
(a) The position of the nth node, in the y-plane, is calculated from the m = 2
line profiles. If this value is acceptably close to the duct wall, the pressure
is incremented by dp.
(b) Alternatively if this requirement is not satisfied, then an improved
estimate of the pressure gradient is made.
(c) Using this estimate, section 5(c) and section (6) are repeated.
Section (8): Transference
(a) The values of u and 0 calculated on the m = 2 line are transferred to the storage
space previously used for conditions on the m = 1 line, in preparation for the
advance to the next m-line.
Section (9):
(a) The velocity and temperature profiles are printed out at defined intervals,
and several flow variables are printed at every step.
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Section (10): Termination Test
(a) Ifthe maximum x-value has not been reached, execution is returned to
Section (3),in order to advance to the next m-line. The functions of
each sub-routine are as follows:
CALC: This evaluates u and _ using the Thomas algorithm.
RADIUS: The duct shape is inputed to the calculation procedure, through
this routine. Itinterpolates this data and calculates the local
duct radius at every m-line.
TEll: Ifthe dimensionless temperature variation is a known boundary
condition , itis specified in the routine. This routine is redundant
with the present boundary conditions.
YDIS: The position of the grid nodes in the y-plane is calculated with this
routine.
PSI: The position of the grid nodes in the _-plane is assigned in this routine.
The inRial flow conditions determine the form of this routine, i.e.
single stream flow, two-stream and mass ratio.
LOOK: The shear layer and boundary layer width are calculated using a
search technique applied to the m = 1 line velocity profile.
CHECK: This routine checks the conservation of mass and energy.
MCHECK: This routine checks the conservation of momentum between adjacent
m-lines.






























Minimum value of step Size AX
Dimensionless jet shear layer inner edge
Dimensionless jet shear layer width,
BY-BE






dp_atm= llineat m 2 line




t=__- 8u P* AY
Mass flow in duct
Mass flow in nozzle
T
Control variable (zero upstream of point
where wall boundary layer and shear layer
meet, otherwise one)
Iteration counter for inner loop
Control variable with the value one for single-




























Dimensional local velocity head, p u-2/2go
L
m
Total number of node points on each m-line
Control variables for axisymmetric flow NL = 1,
NP = 2, NPP = 0 and SQP = 0.5; and for plane
flow NL = 0, NP = 0, NPP=I and SQP = 1
Number of node points in jet





















Duct width or diameter
0
T.




























Temperature of secondary flow at nozzle exit
plane









Velocity at inflection po,,,_
U
Secondary velocity at nozzle exit
U
Reference velocity head, PoUo2/2go
P
X
Di stance from duct inlet at which calculation
ends
Distance from duct inlet at which duct width,
RR(I} are provided
Non-dimensional downstream distance with
respect to the initial duct half width or radius
Y
Half nozzle width or radius at nozzle exit
y+
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PROFE(1), I= i, MK(
NTEST















(RR(I), I= I, NS) I 8F10.0
(XX(I), I= 1, NS)I 8F10.0
SQP, NP, NPP, NL F5.0, 315
Card 19 is the last card to end the calculation of the Program, on which
NPP must be set a value larger than 1.
Cards 1 through 18 are required for each set of data. For data more than
one set, cards 1 through 18 must be repeated in the same sequence.
63
An example of input data for two sets of data are shownon Table A-I. The
input parameters are:











Control Card for axisymmetric flow
SQP = 0.5, NP = 2, NPP = 0, NL = 1, for plane flow
SQP = 1.0, NP = 0, NPP = 1, NL = 0.
Initial guessed dimensionless pressure gradients on m=l, 2 and
zero lines respectively. The initial guesses of the values of DP1,
DP2, DPI1 at the initial plane may be assumed equal at any plus
or minus dimensionless value of the order of 10-7 to 10-8 .
Distance from duct inlet to nozzle exit plane at which calculation
begins, inches.
Distance from _duct inlet at which calculation stops
A number which indicates the number of velocity and
temperature detail being printed out.
An array contains MK value of downstream positions in inches
where the velocity and temperature detail are required to be
printed out.
Test or Run number identity
Stagnation pressure of the primary flow, psia
Stagnation temperature of the primary flow, °R
Ambient pressure (i. e., stagnation pressure of the secondary
flow), psia
Stagnation temperature of the secondary flow, OR
Primary mass flow rate.
Secondary Mass flow rate.
For axisymmetric flow, lbm/sec.
For plane flow, lbm/seo-in.
Half duct width at nozzle discharge plane, inches


































To take care of the boundary layer problem, the last 18 values to
the wall are required to be specified in the SUBROUTINE PSI.
SUBROUTINE PS(I) already includes the values needed for the
computer calculation. The computer values were selected to
satisfy the following:
(1) grid spacing of the wall should not correspond to a value of
+
y greater than 3.
(2) neighboring grid spacings should not differ in size by more
than 50%.
(3) close spacing is also required in any region away from the
wall where the velocity gradient is large.
Indicates the total number of duct geometry to be read in the
SUBROUTINE RADIUS
RR(I) - An array contains the total number (NS) of duct width, inches
XX(I) - An array contains the total number (NS) of axial downstream
distance, where RR(1) are provided, inches
Part (b) Output Parameters
The first section of the output repeats the most important input data for
different test or run number.
Velocity ratio = initialvelocity of secondary flow
initialvelocity of primary flow
Width ratio = initial duct width
nozzle width
Mass flow ratio = secondary mass flow
primary mass flow
J Indicates node point counting from centerline to wall
Y(J) - Dimensionless Y coordinate with respect to the local half
duct width.












Dimensional stagnation temperature on Jth node, OF
Print step counter at approximately XIN increases
0.25 inches
downstream distance from nozzle exit plane where
calculation begins, inches
ratio of downstream distance with respect to initial
half duct width.
ratio of the local duct width with respect to initialduct
width.
Local wall staticpressure, 9 inches of water
velocity of the flow at centerline, ft/sec
centerline stagnation temperature of the flow, OF
%r




The selection of intervals at which calculations are made is determined by
a subroutine in the computer program. The data is printed out at approximately quarter
inch intervals. The locations where temperature and velocity profiles are printed out
are specified by the user in PROFE(1) described in the input data.
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PROGRAM LISTING
The program listing included in this report is for the program as run on a
CDC/6600. The program was initially developed on an IBM 360/50. The deck is the
one successfully run on the CDC/6600.
The essential changes to the program necessary to recover the IBM 360/50
deck are:








REAL*8 Y, DABS, DLOG, YB1, YB2
REAL*8 ZY, Y




Functions ABS( ), and ALOG(
and DLOG( ). These occur in cards
), should be changed to DABS( ,
JMX2710 JMX3750
JMX3030 JMX4340















































DI)'EHSION I}(ZeTn )_TTT(?_)_ T(2_70 ),SI(70 )_S2(70 )_S3(70 ),
lPS(70 ),R2(70 ),EIt70 )_PI(70 )_ Y(70 ),E(70 )t
_QH_(?t70)*VIS(Tr),TTR(?0}tAA(70)t 0(70)
I,A(70 ),R(70 )_C(70 )_H(70 )tRBB(70)
4 ,TnLO(2),AUGM(?0)tPROFE(P_)_UJ(70) tYRL(70)
FtX1,Y1)=t(2,/_=4)*(|,**_Xt**_))*e3-YI*XI















C KJ TS A CONTROL VARI4BLE, 1 FOR SINGLE STREAM FLOW WITH INITIAL WAJMX
C ROIINpARY LAYER, 2 FOR 51NGLE STREAM FLOW WITHOUT W,8,L, oR TWO STRJHX
C FLOW WITH A TOP HAT PROFILE JMX
C JMX
C X =oISTANcE Fg_ THE DUct INLET TO NOZZLE EXIT INCHES JMX
C _/S_= U SECONOA_Y (FT/SEC) J_X
c XW=DISTANCE FROM THE DUCT INLET AT wHICH CALCULATIONS _TOP (INCMJHX
C R_t_= REFERENCE VISCOSITY FT/SEC2 dmX
C PF=_=OZZLE EXIT PLANE PRESSURE LBF/FT2 GAUGE J_X
C RnPEF=REFEREN_F DENSITY LPMIFT3 JMX
C FhUCT=TOTAL MASS FLOW RATE (LBM/SEC) JMX
C PP=PRANTL NUMBER JMX
C PPT= TU_RIILENT PRANTL NUMBER JMX
C TwRFF=WALL _EFERENCE TEMPFRATURE DEG_R JMX
C TCLI= JET TEMPFRATURE AT NOZZLE EXIT OEG_R JmX
C YJ= FFFECTIVE HoZZLE EXIT RADIUS(INCHES) JMX
C UCLI =JET VELOCITY AT NOZZLE EXIT FT/SEC JMX
C GAMA=GAS CONSTANT= 1,4 FOR AIR JMX
C R_= REFERENCE _ACH NUMBER JMX
C T_FC=SECOnDARY TEMPERATURE (DEG#R) JMX
C PNFF=REFEnENCE PRESSUq_ LRFIFT_ A JMX
C P_=_M_I_NT PRESSURE LRF/FT_ JMX






IFfHPP. I) 737tB3BtBR3 JMX
R3R W_ITP(6,?7q) JMX
pTq rO_AT(IHt_II_I()X**TWO'DIMENSIONAL DUCT FLOW*,/_IhX_• ............ JMX
1 .......... _*//) JMX
TW_EF =540, JMX
CC = .0_ JMx
GO TO 102) JMX
717 WRITE(6,8_9) JMX
R_Q FORMAT(INI./I,IoX_ *AXISYMMETRIC DUCT FLOW*,/tIOX_* ....... ..--- --JMX
1...... i,II) " • " : : _" _ J_X
TW_EF = 560. JMX
CC = ,07 ' JMX





































































































































, 7 FnRMAT()Sx_POI = e. FR.4_ PSIAe_/,15X_eTOI • etFS,4** OEG R_ .JMX
1/+I_X*_PA_ = _,F8,4,_ PSIA*,/tISX._TO0 = e*FB,4* _ OEG. R*_ JMX
_/t}SXt_A_A_SI = ¢)F8,41 a LBMIS-IN,etI_tSXteAMAS_O = *tFB.4te LBMJMX
3/S-I_I.*./,15X*_O(HALF DUCT WIDTH} = **FB.4_* IN.*_/*ISXt*YJ(FULLJMX
& JET WIDTH) m _,Ffl.4t= IN.=./)
IF(NR .E o, 2) AO TO 20nl
A2 = 2._RD -YJ
Gn TO 1201









pp HALF • (XI_*R_?)/2,
CHFKI=F(HALF_YI)




19 Xll • H_LF
TE_TI•CHEK_
GO TO 22
_ R_ = H^LF
PAl = (POI/PI)ee((GA_A-I)/GAMA)




































































































































































IF (hP ,EO. 21 GO TO 118
AuASSI = AMASSI_12.












S=ECIFY STREAM FUNCTION DISTRIBUTION


































































































































000571 BL_ND = 4,eYT
C HLFNDING LENGTH IN RAOII
0005_ xRLFND=O,
00fl5_6 XNh:X/YhllT







































• * SECTION 2 • • •
• ;I,JF o: : ; ; ;" "LI.; " " " " " "INI CH RAC ERT TIC AT M=I ,





cOND=I,,cONE , ' "









InBi FORHAT(1HI,e ,PgINT out INITIAL VALUES•_//)
W_tTE(_,TP32| I JR,OJR_A_R JMX





;N,T;ALI;ATI; E:os joo 2E I:S
tnh CONTINUE
IFI4,6,/_Ox,eMASS FLOW RATIO = •_F14,4_/)
JJK IS THE NUMBE_ OF TME GRID NOOE AT YJ PLUS 2
"JJ_=NJ*2



















































































































IFIIFLOW.EO.I)Gh TO 88 JMX 2290
C JMX 2300
CALL LOOK(JJKINN*U*Y,OELTAtBHt_Y,N,CC,|FLOwtXBLENOoYJtB[) JMX 2310
C EVALUATES SHEAR LAYER WIOTH ECte JMX 23_0
C JMX 2330
88 CONTINUE JMX 2340
C JMX 2350
C SECTION 3 INSE_TEO HERE JMX 2360
C • • • SECTION 3 • • • JMX 2370
C JMX 23F0
C • _VALUATE TURnuLENT VI_Ch_ITY USING MIXING LENGT H • JMX 2390
C VERSION FO_ PIPF FLOW (AS PER APRIL |7, |972 ) JMX 2400
C JHx 2410
• IF(IFLO..EO.I}AO TO 77R JMx 2420
|F(JFLOWtE_,I)6_ TO 77R JMX 2430
C JFLOwmI IN_iCATFS A PIPE FLOW JHX 2440
qD£LTAmy(N)-OELT A JMx 2450
INMmO JMX 24&0
AZl • .ogeOELTA JMX 2470
DO 4_ I=Z,NN JMX 2480
lPl=I*I JHX 2490
IMl=I'I JMX 2500
j_2 _ nELusA_St(iI(1,IPI)-U(I,I_I))/U(|_I)) JMX 2510
IF(OELU.LE.. OoIO)GO [0 1360 JMX 2520
IF(Y(I),LT.BE)GO TO 1360 JMX 2530
IFII,E_,2)_O T_ 798 JMX 2540
I_ POINT IS BETWEEN SHEAR LAYER AND W_LL _, L. GO TO 1360 JMX 2550
IF(Y(I_tI).GT.Gy.AND.Y(I|.LT,R_EL_&IGO TO |380 JHX 2560
IF POINT IS IN WALL 8, L. GO TO 13?3 JMX 2570
IF(Y(I).GE.BOELTA)GO TO ]373 JMX 25R0
GO TO 796 JMX 2590
WaLL vISCOSITY JMX 2600
CONTINUE JMX 2610
YSz|Y(N)-Y(I))*I;REF JMX 2620
LZ=O,4i*(I.O-ExP{-ySI26.0))*(Y(N )-¥(I )1 JNx 2630
IF(L_,LT.A/|)INM=INM*I JMX 2640
IFILZ,GT,AZI}LZ=AZI JMX 2bSO
GO TO 76P JMx 2660
E(I)•O* JMX 2670
_O Th 45 JMX 2680
JET VISCOSITY JMX 2690
_q6 LZ=CC •HH JHX 2700
767 E(I)8 ABS((Y(It-Y(IMI))e(U(I*IPlt'UII'It)II(YII_ti'Y(1))* JMX 2710
1 (Y(IPI}-YIIMI)))*(Y(IPIt-YIIII*iU(I_II'U(I_IMI))/({Y(I}-Y(IM|))* JMX 2120
_(Y(IPI)'Y(IMI)}I|•LZeLZ JMX 2730
45 CONTINUE JMX 2740
GO TO 48 JMX 2750


























































IF(XBLEN0.LT,BLFNO) GO TO _173
AZ=( .14".hSeY0*_2".06eYOee4)eY(N)
GO TO HI40















C FINAL CARD OF SECTION 3
_31 CONTINUE
C SECTION 6 INSERTE0 HERE
C _ • • SECTION 4 • • *
C
























































































































































































• • • SECTION 5 • • *








CALCULATE VELOCITY U ON M*I LINE JMX
JMX
Ell1) • O. dNX
DO 7347 J =29N JNX













































































































































C * * * SECTION 6 • • •
C EVALUATE TEM_E_ATUREtvTSCOSITY,A_D DENSITY FIELOS



































C * * * SECTION T * •
C


























































































































w,j_ vrg_l_t _.t --PSR LEVFL 2qn--
n07_41 74N [CHX=2
_r?_A GO Tn 6001
¢ep_6¢ _00 VS= ARS(Y_IIT-YRI)
u07_gn VNF= AHS(YOUT-Y{N))























































C • e • 5ECTIhN 8 e • •
C" • • • • • • • • • • • • • .e
C r" 'REPLACE M LINE VALUES WITH MeT LINE VALUES
C
C • • • _ECTION 9 • • •
C- . _ • OUTPUT SECTION • •
Ci74R ;i'IN = X"O*YT/(?.*REN) .t ''_
IF( NSTEP ,EO, 0 ) GO TO 4S8
IF{NSTEP ,EQ* I) GO TO @0B
IF(XIN ,GE, PI) G0 TO q08
GO TO 7142
On8 CONTINUE
- ,IL = IL +1
YTN= Y (N)/Y'T ,.,
UCL • Ui2_])eUCLI
TCL • T(2_I)*(TWREF'TCLI) _ TCLI* UCL••2/12000*" 660_
ALJ_M(I) =_+





































































































































































Pl • PI* .25
DO 57 l= I_MK
IF(XIN .GE. PRoFEII)) GO TO 902




00 q09 JmI,N,I .... ' ;
Y_L(J) = Y(JI/YOUT
UJ(J) • U(2.J) *UCLI . " .... _ '









FORMAT(I/,ISX3oVELOCITY AND TEMPERATURE DISTRIBUTION ARE PAINTED









O0 1213 J= ItN,_
W_TTE(6_61) J.YRL(J)_UJ(J)_TTT(J|
I= J*I




THE FOLLOWING CARD IS INSERTED IF A MASS )ENERGY CHEc K _EQuIRED
C CALL CHECK(Y_E,U_RHO_YT.FOUCT,TTP_TTT_NN,UCLI,UJ_)










C * I t SECTION I0 *
C • TERMINATION TEST •
C
• t











































































FORMAT(//t* [NO OF CALCULiTION_t/i
FORMAT STATEMENTS,
rOR_AT(_SX.I6.6XtF|O.6,_x.F|4.5_2XtF14.§)
FO_MAT(IIt_X*_ | X IN* X/HO
1H_O UC[NT(F/_) TO¢[NTIO[_,R) AUGMENT













































_,JN Vr_c;ION 2,,'_ --PSR LEVEL 208-- NA5
\
NAS





7 - 6o264_ 9 - ooo5oo
12 - oo1_3 16 - 001742
22 . non241 23 . 000266
39 - _02635 45 - 001044
63 - 003013 73 - 002643
117 - nn0444 118 - O00421
219 - 0n1477 235 . 002064
3S1 - _O30_0 458 - 002327
740 - 002043 752 " 003067
778 - b01047 796 - 001011
830 - 0o0o_5 883 0n2552
1o21 - 6000_4 I051 - 002744
1360 - onion7 1373 - 000760
2001 - 000_II 4172 - 001076
4775 - 0020_6 6000 - o02045
7142 - no_O 7232 - o02752
7_17 - 002631 8019 - 002577
BLOCK N4ME_ AND LENGTHS
- o0o0n4
VA_IARLE a_RIGNMENT_









































IR - 002551 19"
Pg _ . 000256 37_
48 001221, 61.
8_ - 000711 100
119 001447 162





























NTK " 007315 NTP
PAl " 007210 PA2





































- 000002C01 NSTEP - 007236
- 007256 NTT - 007223
- 007214 PCIJ_ - 007264






























PREr - 007165 PROPE , 006703
PSN - 007266 PSNJ . 001267
REN e 007264 RHO - 00_171
RNiJ = 007143 ROREF . 00114_
S_P = o00001C01 S! * 00_003
T - (_03567 tel . 001346
TEST2 = 007203 tJR . 007263
TOO - 007167 T01 • 007165
TTP - 005513 TTT = 00346]
UCL - 007365 UCL! = 001213
UN - 007307 UNN 001306
USEC _ 007216 VHEAo _ _ 001262
VS - 0_733S X - 007157
XkO " 007261 XX - 001160
Y - 0O67S5 YBl - 007334
YJN - 007344 yJ - 007173
YRL _ 00703_ YS' - 00T303
YI - 007116 Y2 - 0073[6
Y5 ' " 00732_ Y6 - 007322




































































BLOCK NAME_ ANn LENGTHS
- 000004
VARTanLE A_NMENT_
1 - noOin3 NP











o00o02C01 so_ - ooooo1col
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SUnROUT|_[ CALC (Ao_fltNg_) CAL l0
CAL 20
AS PER M&y 1_ _¢T1 CAL 3_
CAL 40
• • • TH_$ EVALUnT£S R_SULT $ U$|_G THOMA$ AL_OR|TNM • CAL SO





_0 ] KI2tN P CAL 1|0
KI=K-! CAL 120
_(_I)=B(KI)/W(KI) CAL 130




00 _ K=|_N3 CAL [RO
KK=N_'K CAL [gO
H(KK)=G(KK)-O(KK)eH(KK,|| CAL 200





BLOC K N&M[_ ANn LENGTHS
VA_TaRLE _¢_I_ENT_
G _ _00_3 K














































VE_S|ON FOg SINGLE STRF_M FLOg g[TH J WALL ROUNoARY LAYER IF KJ=|PRo
VE_q]ON FOg TWO ST_EAN FL_U (TOP-hAT PNOF[LE ) OR StNOLE PRO












































































5 - h_OO_q 0
13 - ooolo7 15
BL_CK N_¢ AN_ L_NGTHS
VA_L=L r 6_'_E_TS







- 00006S 10 - 000031 12
- O00061
- 000000 UCLI - 000001
- 00003'
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qUaRoUTINE PSI( Nt PSNtNJtPS.PSNJI
nIM_NSION PS(70) --
JN .I IS THE NUMBER OF H00E POINTS IN JET
.iN • _ 1
NJ= JN,| ,.
PS(1) =Q.0






nO 40 I • J,K










RF'A_ (5o_001 (P%(]) tImJtN)
F(1P_AT (6E |3.,6)
O0 k0 I • JtN
Pq(1) • PS(K) _. FSA_'PS(T)
CONTINUE
Oh 10I ImItN















































































BLOCK NA_E_ ANn L_NGTHS
Va_T_L_ A_¢T_Nu_TS
_L_S - knO_ FS









" _0022| ' FS& - 000225
" 000217 K - 000223
" 000220
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SUbRoUTINE R.OTtlS(XeYOUTtK_eREN) GEM |0
_R(2S)t _Sxx PE_ MAy 19 1971 GEM 20
_IMFNSION (25) GEM 30







FOn_AT(//t;SX,*nUCT GEOM_TRYOo//tSX_eDUcT DIAMETER OR HEIGHT GEM |10
1 OI5TaNCE FROH NOZZLE EXIT (IN)It//) GEM |_0
DO 75 t= 1_N5 GEM 130
THF FOLLOWING CARO IS INSERT tF _ALF WIDTH OF THE DUCT |5 USED GEM 140
RR(T) =RR(I)*_, GEM 160
W_TTE(6,7) _R(t)tXX(|) GEM 170
F_R_AT(10xtFI0_StZSXtFI0,S) GEM _R0
CONTINUE GEM 1gO
_0 4 I=IoN5 GEM 200
RR(f)=RR(1)eRE N- GEM 210
4 XX(I)aXX(I)eRENe2, GEN 220
T=I GEN 230












6 - Ono13_ 7











- O00t|O 3 - 0001_0 S _ 000131
- 000160 20 - 000163
n00266 RR - 000202 XX - 000233
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_lq CONTINUE " -



















































21q - 000202 319 - - 000206"
BLOCK _!A_F¢ AN_ LENGTHS ....
- oooon4
V_T_LE A_¢_GNMENTS
_EL2 - _n0_1 ENERG -
N_ - _0e0h_ NP -
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Table 1
Mixing Section Dimensions for 1.875" Throat Size
x x +_y x +y
Inches Inches Inches Inches Inches Inches
-3.000 -0.937 1.960 1.062
-2. 937 4.496 -0.875 1. 922 1. 125
-2. 875 4. 288 -0.812 1. 886 1.187
-2. 812 4. 128 -0.750 1. 850 1.250
-2.750 3.982 -0.687 1.814 1.312
-2.687 3.860 -0.625 1.782 1.375
-2.625 3.740 -0.562 1.746 1.437
-2.562 3.628 -0.500 1.715 1.500
-2.500 3.510 -0.437 1.688 1.562
-2.437 3.412 -0.375 1.658 1.625
-2.375 3.310 -0.312 1.632 1,687
-2.312 3.226 -0.250 1.608 1.750
-2.250 3.140 -0.187 1.586 1.812
-2.187 3.064 -0.125 1.562 1.875
-2.125 2.998 -0.062 1.540 1.937
-2.062 2.918 0.000" 1.519 2.000
-2.000 2.840 0.062 1.502 2.125
-1.937 2.778 0.125 1.486 2.250
-1. 875 2. 708 0._187 1.470 2. 375
-1. 812 2. 646 0.250 1.452 2. 500
-1.750 2. 586 0.312 1.438 2. 625
-1. 687 2. 520 0. 375 1.422 2. 750
-1. 625 2.464 0.437 1.406 2. 875
-1.562 2.404 0.500 1.394 3.000
-1.500 2.350 0.562 1.380 3.125
-1.437 2.296 0.625 1.366 3.250
-1.375 2.246 0.687 1.354 3.375
-1.312 2.196 0.750 1.340 3.500
-1.250 2.152 0.812 1.328 3.625
-1.187 2.110 0.875 1.318 3.750
-1.125 2.070 0.937 1.304 3.875







































Nozzle discharge plane at x = 0. 000
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Table 2
Variation of Individual Integrated













Variation of Integrated Traverse








































Run Run Run Run Run Run Run Run Run Run Run
1 2 3 4 5 6 7 8 9 10 11
T4
L
T5 T5 T5 - T5 T5 T5 - T5 T5 -
Fll Fll FI1 - Fll F12 F12 - FI2 FI2 -
F13 F13 F13 T6 F13 F14 F14 T6 F14 F14
FI5 FI5 F15 - FI5 FI6 FI6 - FI6 FI6
F23a F24
F23b
F17 FI8 F19a - F20 F21 F22
F19b
F25 ..... F26 -
F27 F27
F28 - - F28 -
F29 F29
- - F_]7 - - F27 ....
T6
T Stands for Table
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Table 5
Comparison of Experimental and
































































































* Transducer Battery May Have Been Going Bad During This Test
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Table 6
Tabulation of Static Pressures For
Runs 4, 8, and 11
Distance
From Nozzle Run No. 4 8 11
Discharge Nozzle Pressure psia 35.61 31.80 35.68
inches Throat Height 1.25" I. 875" 1. 875"































































































































Picture of Primary Nozzle
99
Figure 3
Picture of Nozzle Positioned in the Mixing Section
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Figure 4














































Picture of Right Side of Ejector Rig
104
Figure 8
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W m - Mixing Section ToLM Mass Flow - lb/sec, in.
Comparison of Experimental and Analytical Mass:Flow Rates for
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Figure 12 Comparison of Experimental and Analytical Mass Flow Rates for
















Solid Lines are Analytical Results
Analytical .
lb/sec Ws/W n
Axial Distance From Nozzle Discharge - Inches
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Figure 15 Maximum Velocities for 1.25" Throat Mixing Section
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Figure 16 Maximum Velocities for 1.875" Throat Mixing Section
PN = 21.0 psig
113
!8
Analytical W m = 0,382 lb/sec, in.
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Figure 17 Velocity Profiles for Run 1 for 1.25" Throat Mixing Section
pN = 17,0 psig, T N -- 181 ° F, W N = .0780 lb/sec.in.
114
!Analytical W m = 0.322 Ib/sec. in.
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Figure 18 Velocity Profiles for Run 2 for 1.25" Throat Mixing Section
PN = 17.0 psig TN = 177 = F, W N = 0.0782 lb/sec, in.
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Analytical W m = 0.351 lb/sec, in.
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Figure 19a Velocity Profiles for Run 3 for 1.25" Throat Mixing Section
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Figure 19b Velocity Profiles for Run 3 for 1.25" Throat Mixing Section
PN '_ 17.0psig, T N " 246" F, W N "= 0.075 Ib/sec. in.
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Analytical W m = 0.395 lb/sec, in.
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Figure 20 Velocity Profiles for Run 5 for 1.25" Throat Mixing Section




Analytical W m = 0.420 Ib/sec. in.
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Figure 21 Velocity Profiles for Run 6 for 1.875" Throat Mixing Section
PLY21.0 psig, T1_189" F, W N = . 0882 lb/sec, in.
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Analytical W m = 0.443 lb/sec, in.
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Figure 22 Velocity Profiles for Run 7 for 1.875" Throat Mixing Section
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Fi_tre 23a Velocity Profiles for Run 9 for 1.875" Width Mixing Section
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Velocity Profiles for Run 9 for 1.875" Throat Mixing Section
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Figure 24 Velocity Profiles for Run 10 for 1.875" Throat Mixing Section
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()D - Test Data
Lines - Analytical Results
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Figure 26 Temperature Profiles for Run 9 for 1.875" Throat Mixing Section
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+I0
.... x .... Constants Eq. 20 is 0.094, Eq. 21 is 0.120
Constants Eq. 20 is 0.08, Eq. 21 is 0.108
Constants Eq. 20 is 0.094, Eq. 21 is 0.120
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Figure 27 Wall Static Pressure Sensitivity to Flow Rate and









-- Constants - Eq. 20 is 0.08, Eq. 21 is 0.108
20 is 0. 094, Eq. 21 is 0.120
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Centerline Velocity and Temperature Sensitivity to Eddy Viscosity







Constants Eq° 20 is 0.08, Eq. 21 is 0.108
Constants Eq. 20 is 0.094, Eq. 21 is 0.120
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Figure 29 Velocity Profile Sensitivity to Eddy Viscosity











Runs 6 - 10
I [
Throat Height 1.25"
Throat Height I. 875"
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